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INTRODUCTION 
Measuring whole field strain over two - dimensional fields is important 
in NDE, especially if such measurements permit the qualitative 
representation of data, allowing for the imaging and detection of defects. 
A number of techniques have been used to achieve this, including moire 
interferometry, holographic interferometry and speckle interferometry. 
Although all of these methods can provide qualitative images 
representative of the deformation field, they share the disadvantage of 
being difficult to analyze quantitatively. This is due to the need for 
the interpretation of the fringes generated by these t echniques, which is 
time consuming and requires highly skilled practitioners . Additionally, 
even though these experimental techniques provide a whole-field 
qualitative appraisal of a two -dimensional field, quantitative data are 
obtained only at discrete points over the areas of interest . 
Most of these disadvantages are not true of the strain measurement 
technique described here. The Video Optical Diffractometer for Strain 
Measurement (VODSM) is a grid technique which allows for t he automated 
collection of discrete quantitative data and their qualitative display for 
ease of interpretation, with f ull access to the quantitative data [1]. 
This makes for a potentially useful tool in quantitative nondestructive 
evaluation (QNDE). One application is the experimental determination of 
the J integral for cracked specimens . This has been demonstrated in a 
center-cracked 5052-H32 a l uminum panel loaded in tension [2] and also in a 
double-edge-notched tensile panel of high strength, low al loy steel [3] . 
Additionally, the deformations have been imaged using the VODSM in a 
center-cracked GlOCR woven glass epoxy panel loaded in tension [4] . The 
pur pose of this paper is to review two of these applications, those of the 
calculation of the J integral in an aluminum panel and the imaging of 
strains in a composite pane l. These are potentially useful applications 
in QNDE. 
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THE EXPERIMENTAL TECHNIQUE 
A schematic of the automated video-optical diffractome try strain 
measurement technique is shown in Figure 1. In common with moire 
analysis, it requires that a grid be applied to the surface of the object 
under study. However, the method of analysis is completely different from 
conventional moire methods. The grid-mounted specimen is photographed in 
the undeformed and deforme d states. Subsequent ana l ysis of t he indiv idual 
negatives follows. First, the far-field (Fraunhofer) diffraction pattern 
is obtained and projected onto a ground glass screen by shining a laser 
beam through the photographic negative and a positive lens. Next, the 
diffraction pattern on the screen is imaged with a solid-s t ate video 
camera and digitized using an attached video digitizer. A desktop 
computer interfaced to the video digitizer then calculate s the centroid 
locat i ons of each of the f i rst-or de r peaks of the diffract ion pattern. 
The centr oid l ocation of t he firs t -order peaks of the diffraction pattern 
is calculated from [5] 
m. n m. n 
L L I,,.u,,. L L I,,.v.,. 
U= i=l j=l V= i=l i=l (1) m. n m. n 
L LI,,. L L I,,. · 
i = l j=l i=l j=l 
where each (i,j) indicates one element (pixel) of the digitized image , 
Iij is the pixel intensity, ranging from 0 to 255, and Uij and Vij are 
integers representing the horizontal and vertical locations of a pixel. 
The s ummations are pe rformed in a 19 x 19 pixe l window surr ounding each 
spot . This window size is a compromise between be ing l a r ge enough t o 
accommodate t he change of t he f irst - order peak spot locati on between 
success i ve measurements , and be ing small enough t o achieve a r e asonable 
computation time. 
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Figur e 1 - Schemati c Diagr am of the Vi de o Opti cal 
Diffrac t ometer for Strain Measurement 
In-plane strains are then calculated using 
U-U' 
c,u,= -U--, 
V-V' 
(!Ill = --v-;--• 
a+{3 
(z!J = -2-, 
a-{3 
0=-2-, (2) 
where (see Figure 2) the prime indicates the centroid location for the 
deformed grid. This analysis yields all four in-plane components of the 
deformation tensor: longitudinal strain E YY.' transvers~ strain E xx•. 
shear strain Ex , and rigid body rotation 0 . Evaluat~on of the ent~re 
deformation fiel~ is accomplished by analyzing both negatives (undeformed 
and deformed) separately, point by point, in a raster pattern . 
In the two studies reviewed here, optical components appropriate for a 
proof-of-principle study were used. An 80 line-per-centimeter grid was 
bonded to the aluminum and woven glass epoxy specimen panels. The 
aluminum panel was 850 mm in length, 80 mm in width and 3 mm in thickness, 
with a notch length of 10.0 mm. Its grid area was 80 mm square centered 
at the notch . The woven glass epoxy specimen was 311 mm in length , 50.8 
mm in width and 0.51 mm in thickness, with a notch length of 6 . 35 mm. The 
grid area was rectangular, 50.8 mm wide and 121 mm in length, centered at 
the notch . 
Photographs of the deformed grid, for each of the panels, were taken at 
several strain levels, using a 35 -mm camera with a good quality commercial 
macro lens and high resolution black-and-white film. No special 
precautions were taken during development of the film . One photograph, 
representing one specific load level for each panel , was analyzed in 
detail. For the aluminum, an 80-mm square field was analyzed on a square 
grid of 21 points per side. For the epoxy panel the analysis was done on 
a 40-mm square field on a square grid of 21 points per side. 
The method described above was implemented with the optical system 
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Figure 2 - Diffraction Pattern of Undeformed 
and Deformed Specimen Grids 
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shown in Fig. 1. The laser was a 3-mW He-Ne laser with an output beam 
diameter of 0.8 mm. The Fourier-transform lens L-1 was a 75-mm diameter 
two-element positive lens with a focal length of 350 mm . The diffraction 
pattern of the grid was formed on a ground glass screen located at the 
focal point of L-1. This pattern was in turn imaged with a solid-state 
CCD video camera with a macro lens. The video signal from the CCD camera 
was digitized with a video frame-store. The video digitizer could store a 
single frame in two fields of 256 x 256 pixels each with 8 bits of 
resolution (256 gray levels). The data were transferred to a desktop 
computer via a 16-bit parallel bus with direct memory access. 
Input of data from the video digitizer and all computations of spot 
centroids and positions were accomplished with a desktop computer 
programmed in BASIC . Total time required to perform these operations for 
a single point in the image was 40 seconds. To analyze an entire field , 
the photograph was stepped across the laser beam in a raster of 1-mm 
increments covering the entire field. 
Figures 3 and 4 show photographs of the results for the full-field 
representation of strains as imaged in a monochrome video monitor, for the 
aluminum and epoxy panels, respectively. The brightness of each image is 
scaled so that the full range of strain values is distributed across the 
available 256 gray l evels, from black (minimum str ain) to white (maximum 
s t r a in). The tensile load on the specimens for these pictures was 43 . 3 
and 2.67 kN, for the aluminum and epoxy panels, respectively. The highest 
value for the longitudinal strain represented in Figures 3(b) and 4(b) is 
approximately 5.5% and 1% strain, for the aluminum and epoxy panels, 
respectively. 
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Figure 3 - Images of the entire strain field surrounding a through 
center- c rack in an aluminum t ensile panel. Clockwise from 
upper left : ( a ) transverse stra in , (b) longitudinal strain, 
(c ) shear strain, and (d) r i gid body rotat ion . 
Figure 4 - Images of the entire strain field surrounding a through 
center-crack in a composite tensile panel. Clockwise from 
upper left: (a) transverse strain, (b) longitudinal strain, 
(c) shear strain, and (d) rigid body rotation. 
The main advantage of the present technique is that all four 
components of the in-plane deformation tensor are obtained rapidly for 
strain levels up to 5% without laborious and time-consuming manual 
reduction of data. Additionally, quantitative data has been transformed 
for qualitative display, with full access to quantitative data. These 
results can be immediately used to assess the state of strain of the 
materials under study. Also, if a more detailed analysis over a smaller 
area is required, this can be easily performed by increasing the spatial 
resolution and concentrating on the smaller area of interest. 
Limitations of this new technique, as currently implemented, are 
principally its low precision or limited sensitivity and low spatial 
resolution. The sensitivity of the method is estimated to be +/ - 0.002, 
which limits the method to studies of plastic deformation. The low 
spatial resolution resul t s from the use of 35-mm film to record the grid 
images coupled with use of a 0.8-mm-diameter laser beam to interrogate the 
images. This combination resulted in about a 2 mm spatial resolution for 
strains in the present study. 
CALCULATION OF THE J INTEGRAL 
The experimental procedure summarized above allows for the full-field 
determination of all four in-plane components of the deformation tensor: 
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€ XX , € yy, € xy and 
expressed explicitly as 
8 . The J formulation in the plane can be 
(3) 
The displacement gradients were obtained directly from the raw 
measured data: au; ax is identical to € XX• and av; ax is a linear 
combination of the shear strain and rigid-body rotation. Stresses were 
calculated from measured strains by assuming that the mechanical behavior 
of the isotropic, elastic, strain-hardening plate material subjected to 
small, time-independent, isothermal deformation (with no unloading) can be 
approximated by deformation-plasticity theory . Assuming that the small 
plastic deformation is incompressible and isotropic and that the loading 
is proportional, we can then, by the usual elastic-plastic strain 
decomposition, relate the elastic and plastic strains to the final states 
of stress utilizing generalized Hooke's law, Mises' yield criterion, and 
Prager's isotropic strain-hardening rule, which is the simple power rule 
[6-9]. For the uniaxial case these final stress-strain relations reduce 
to the Ramberg-Osgood formulation. The usual deformation-theory-
plasticity expression for the strain-energy density was used. 
The J-integral calculation was then performed for plane-stress 
conditions, from the experimentally determined strains and displacement 
gradients and the calculated stresses and stress-work density . 
Additionally, a reference quantity was calculated as an independent check 
on J. It is given by [10] 
Jref =). · UJ • CMOD (4) 
Here ~. the constraint factor, is assumed to be equal to 1.0; Of is the 
material-flow strength; and CMOD is the crack-mouth-opening displacement, 
a quantity easily measured from the photographic negatives showing the 
specimen and the deformed grid. 
Table I summarizes the results obtained from the evaluation of all 
possible symmetrical and asymmetrical paths on the specimen, as defined in 
Figure 5. The quantities in parenthesis are the standard deviations 
calculated for each data set. Two types of calculated J values are 
tabulated. The first uses unaveraged strain-tensor values along the line-
integral path. Each tabulated data point represents the results of 
averaging a data set of J calculations over 128 different paths. The 
second uses an average of the strain-tensor values at and around each 
point along the line-integral, i.e., the average of nine strairi tensor 
values [see Figure 5(c)] . Each tabulated data point represents the result 
of averaging a data set of J calculations over 98 different paths. This 
averaging procedure about a single point is used to smooth out any 
variations in the strain-tensor values at a particular point. 
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Table I - Calculated J-integral Values (N/mm) 
at a Single Load Level of 43.3 kN 
(Jref = 98.7 N/mm) 
Number of Averaged 
Strain Tensors 
Symmetrical 
Paths 
Asymmetrical 
Paths 
1 101.4 (9.4) 104.1 (5.7) 
9 97.5 (6.6) 98.4 (4.6) 
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Figure 5 - Rectangular paths used for the 
evaluation of the J-integral 
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These results show less than 3.0% variation for the calculated J 
integral value, between the symmetrical and asymmetrical paths. Also, the 
difference between the Jref value and the values obtained by averaging the 
strain-tensor values at and around a single point is approximate l y 1.0%. 
IMAGING OF DEFECTS IN A COMPOSITE PANEL 
Figure 4 shows the full-field representation of strains a s imaged in a 
monochrome video monitor for the center-cracked GlOCR glass epoxy 
composite panel, loaded in tension. The brightness of each image is 
scaled so that the ful l range of strain values is distributed across the 
available 256 gray levels, from black (minimum strain) to white (maximum 
strain). The tensile load on the specimen for these pictures was 2670 N. 
The highest value for the longitudinal strain represented in Figure 4(b) 
is approximately 1.0% strain. Of particular significance is the 
noticeable strain at the crack tips, showing the usefulness of this 
technique in imaging t he localized effect of damage in composite 
materials. 
SUMMARY AND CONCLUSIONS 
A newly devised video-optical experimental technique allows for the 
automated de termination of the in-plane components of the infinitesimal 
deformation tensor at discrete locations over an area of interest in a 
centrally cracked, loaded specimen . It was used to evaluate an area 
centered at the crack for a 5052-H32 aluminum pane l and a GlOCR gl ass 
epoxy panel, both loa ded in t ension. The J integral was calcula ted from 
the experimentally generated strain tensor data for the aluminum panel 
over more than two-hundred different paths, yielding reasonabl e agreement 
between the calculated value and an independently calculated reference 
value of J. The composite panel experimental data was used to illustrate 
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the ability of the VODSM to image defects by showing regions of high 
strain. The significant strengths of this experimental technique are its 
ability to collect discrete strain tensor data automatically; its 
qualitative display of data with full access to quantitative data; and its 
ability to interface with a computer so that the data is easily 
accessible for numerical manipulation. 
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